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Jksign d a diffczcntial rdiomaa for Unmsp&ic rrdativw flux masummmts

* Peter C. La De4f~ Paul G. Wcbcx,C WIMarn Rodiiguez
Los Alamoa Nm.iooal Laboratory

LQSAlarncw New Mcxko

ABSTRACT

The Hemispherical Optimized NEt Radmmeter (HONER) is aa instrument under development at the Los Alamoa
National Labmatory for &ploymcat on an unmanned acros~ Vehi:k as part of the Atmmphenc Radiation Measurements
(ARWUAV) program. HONER is a drfkmttial r@omctcr which will measure the difference betw- the totat upwelling
and downwclling fluxes and ia intended to provide a means of measuring the atmospheric radiatiw fluAdivergence. Untitre
existing instrumen’~ which msatmre the upwclling and dmvnwetting fluxes separately, HONER wilt aehicve an optics! dif-
fcrcnec by chopping the two fluxes altanatcly onto a common pyroclcuric detector. HONER will provide data resolved
into two spectral band% one covering the solar dominated region from less than 0.4 mkromtcr to approximate y 4.5
mkromam and the otk covaing the region fYomapproximately 43 micrometers to greater than SOmicro~ktcrs, domi-
nated by tbcrmal rdiation. I’be means of separating the spcctml regions guarantees seamkss summation to calculate the
total flux. The fictda-of-view are near-hemiaph&icaL upward and downward. IIIe instrument can be converted, in flight,
from the d %reutiat mode to absolute mode, measuring rhe upwclling and downwclliag fluxes separately and simulta-
neously. The instrument * f-cres continuous calibration from on-board sources. We will describe the design and opcr-
atioo of the sensor head and the on-board reference sources as wctl as the means of deployment,

INTRODUCTION

Accurate broad band radiomaic measurements arc the key to undcmtanding of atmospheric rruhativc transfer prm
ceases. lEe gotd of the Atmospheric Radiation Measurements Rogram (ARM) is to understand these processes through
lcng-tc?rrt measurements at selected sites, intensive operating campaigns, and collabmation with oth= organizations. The
measurements arc used to test and improve models, with the ultimate goal of irrqrving the Global Cirmdation Models
(GCMs) which attempt to dcscribc the Earth’s climate and its evolution.

Tbe concentration of ARM measurements is fcr grotmd-based mcasurementa at the Cloud and Radiation Testbcd
(CART) aitcs, though there is the additional, evolving component of a long-term airborne monitoring capability by means of
Unmanned Aerospace Wicks through ARMKJAV. Accurate data arc important hem in that the net miiation in a vohunc
is deterministic for the heal heath (cooling) of the atmosphere. As a measure of the scnsitivit y, GCMs csth ,Me that for a

fglobal average cbangc of 3A W/m in net flux, Cempcmmrc$will change by 1-2 degrees. Ibis net flux change is roughly the
equivalent of doubling atmospheric C02, and so it is important for a global mcasuremea~ to achieve aecuracitw in data and
modeling that are much belt= than this. However, individual processes can have much larger local effects. For example,
ckwda have effects on the radiatiw balance at levels of typkdy many tens cf W/m2. ‘flus, progress can, and has Lwn
made with mcaaursments of laser accuracy.

‘I%spreacnt state of mcasurcrnents, howcva, requires improvement to aehicw the next steps in understanding radi-
ative transport. Common presently usal instruments include pyrgcometcrs and pyranomctcrs, which cm a~mpt to m=-
mtrc tbc flux over a hcmispkictd field of view in the infrared and solar spectral regions rmpectively. Tltus, ICcan
measure the upwciling and downwclling fluxes in the two spcctml tegions Ming combinations of tbcsc instruments, and take
appopriatc combinations oi these individual mcaaurcments to daivG say, the net flux at a location, or, extending further,
obtain the flux divergence between two vcrticd levels by subtraction of the net flum. The cdilxation of these instruments
arc good, in an alxmhrtc seat% to +/- 3.5 percent at best, with mven percent being qypksl according to rt%ults quoted by
NREL. Indeed, in a round robin calibration of a particular pyrgcomcta by a number of reputable calibration labs, the spread
in calibration values was eighteen percent. Furthermore, the typical rate of change in calibration vtdua for some tcwd
instmnents is of order one percent over a day. When one propagates the quoted errors through a computation of flux divcr-
gcncq one finds an rms uncertair.iy of tens of W/m2 in typical scenarios.
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Many detaih of instrumentation need to be considered to make si@ficant impromXmJZs in this situation. One would ide-
. ally like to directly measure botb the up- and down-welling fluxes and the differential flux with superhx &xuracy, and with mini-

mal sensitivity to spectral diff~, with excelknt stability, and at a reasonable cost. Calibmtion accuracies must be improved,

ttt@ clearly, a measurementt scheme relying on precision over absolute accuracy is to be prefesred, since achievable precision are
almost always better than achievable absolute accuracies.

TIMinsaument which wc describe here addresses the iasuu m Jined. lle ccntrat goal in producing HONER is to rud-
sure tbe differential flux at a given location with excclleat accuracy. We have c~ the design goal at 3% accuracy with a 1 watt per
SQW’C rrMer rbreahold. ‘l%einstrument ISprimarily intended for usc on an aircmft though ground and satellite derivatks can be
produced based on the same design philosop’ka. In addition to measuring net fluxes, HONER can be used to measure the individ-
ual up- and down. welling fluxes.

The HONER design uses the following key ingredients 1. An integrating sFherc geometry to ensure uniform responsiv-
iM 2. Use of bulk materials rather than filters for ruggedness and stable selection of wavelength ran~, 3. Optical subtraction of
signals to obtain aet fluxes dircaly 4. AC detection for common mode rejection; 5. Intcrnat reference system traceable to NIST
references

CONFIGURATION

HONER comprks two integrating spheres, each of which is shown ~itcm+tidly in Figure 1. Each sphere has two input
apertures; one looking downward and the @bet upward. Radiation entaing the input aperturea is prop~ated into the sphere by
means of an inverted compomd parabolic concentrator (CPC). The gco~ of the input apertures is such that the instrument has
a 170 &sgree fkld-of-view, the remainder king obscured by structure surrounding the aperture. ‘Ihe radiation through each aper-
ture.k chopped at the same frquency, approximately 20 I-4 but out of pkmse. l%e phase relationship determines the operating

mode and wit] be discussed later. One sphere is lined with Spec-
tralon, Labsphere Inc.% trade name for a diffuse reelecting mataial
which provides uniform throughput from the LJVto wavelengths up
to 1.5 Mm. TIR other is Joated with a Iambertian gold, also propri-
et~ tO bbspherG to provide :Zform throughput at all wave

C.llqlpU
lengths longer than 1 pm. lhe totaI bomispherical reflectance of
SpectraIon and gold are plotted in Figure 2. The Spcctralon pro-
vides sensibly flat rdlcctance ffom the W to nearly 2 Km and the
gold provides flat reflectance at all wavelengths longer than the ‘tis-
ible region.

Each spheze also contains two channels of pyroekxtric
detectors and each cltannel uses distinct filters. To aid in achieving
insensitivity to the direction of arrival of the incident radiation,

no~ each channel will comprise four detectors distributed at 90 degree
intervals about the sphere’s eqtmor. In the interests of spectral uni-
formity, repducibiiity, stability, and low cost, the filters will con-

:L!l

sist of uncoated silicon and water & fused siilcz The
mansmittances of the silica and silicon filters are shown in Figure 3.
llus, he fitters define spectral bands of each channel as summa-

CK
riz.ed in Table 1.

Figu!e 1. Schematic diagram of HONER showing all
essentitd components.
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Table 1: IKINER Signal Channels

lchatsBel lspbere ~Filteds)IBdl

I Swl I pzShort wave Si I UV4.5pmI

Channel SW1 provides uniform reaponsc to radiation in the
wavelength from the UV to the silicon band gap at J.2 microns.
‘here is also a response to radiation from 1.2 microns to the
silica cut-off at approNmately 4 microns buL due to the spcc-
tally non-uniform response generated by the SpectraIon
reflectivity, this is unacceptable flawed. Channel SW2
respoitds only to I% 1.2 to 4 micror band in a martncx which,
within a constant factor, is identical to the response of SW”i
lleref~ by subtractingtheproperly scaled output of SW2
from the output of SW1, we have a pod measure of the twit
irradiance at wavelengths shorter than 1.2 microns.

Channel LW1 provides a good m%tsum of the totat
irradiancc at all wavelengths longer than 1.2 microns and chan-
nel LW2 provides a good measure of the irradiance between
1.2 and 4 microns. Adding the information gained from LW2
to tlwt cbtabed from the short wave sphere provides a measure
of the krwihmx in the solar dominated portion of the spec-
trum, from tk UV to 4 microns. Subtracting LW2 from LW1
provides a mettstue of the irradiancc in the thermal II&4
microns and longer.

The HONER intcgraung spheres serve as comparators
between the unknown fluxes incident on tbe CPC apertutw3and
reference fluxes gcmxated by calibrated S~ and delivered
to the sphere by optical conduits and modulated by a third
mechanical choppro ‘Ihe short wave reference is used to test
the response of the systcm to radiation at wavelengths sttorttr
than appoximafcly 4 pm. As both spheres respond to tila-
tion in this rangq both will be fitted with a short wave refer-
ace source. The long wave reference source is used to test the
rwponse of the system to radiition at wavelengths longer than
approximately 4pnb a spwtral region to which only the long
wave sphere is sensitive. IMrefore, only it will be fitted with a
long wave reference.

The short wave reference source is a 2.5 watt, qwutz
halogen lamp (Welch-Allyn model O1243) rated at 36 Iumetts
output. ‘Ibe mean lifetime of these limps is insufficient to

:.! /=--’
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F@re 2. The totat hemispherical reflectance of Spc@alon
(solkl) and gold (dashed) showing the regions of
sensibly flat response.
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Figurc 3.
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L13velength (mm)

The transmittance of the materhls used for spectral
filtering of the data channels in HONER, 1.0 mm
thick silica (solid) and 0.5 mm thick silicon
(dashed).
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Figure 4.
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The relative spectral response of the data channels m
the short wave sphere, SW1 (solid) and SW2
(dashed).
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guaraotee operation LWWa 48 hour mission. l%erefore, we
have mounted four, one operating and three _ in a 5 cm
dimmtcz intq@ng apherG that aman~ment negating the
geOa@ic effects of lamp pesition. llte outputof this lamp is
modulatod by a third chopper blade at approximately 30 Hz but
exsctly 1.5 * the main chopper frequency and delivered to
“W mainintegrating sphae of each sensor system. We monitor
the output of the lamp with two silicon photodiodea
(H~ u saiea S1337) iu the main integrating spherw the
first is filtered with two millimetcm of Schott BG28 color glass
and the other is fiitered with two millimeters of Sehott RG850
color @ass. llw comptents of these photodiode signak
which are synchronous with the 30 Hz chopper, are measured
by separate lock-in amplifiers. l%e ratio of these signals dcter-
minea the filament Ctlrrent. ‘nlUs, we control the output of the
lamp to a constant color temperature. With the color tempcm-
ttut stabilizc4 we use the output of either of the photodiodes
~?san indicator of the total flux delivered by the reference

:-J-----J_ ,:i,~.,,.---:
g-s *s*a w Es*8*111, a *

I.Ewele gth (mm)

Figure 5. The relative spectral response of the data channels in
the long wave sphere, LW1 (solid) and LW2
(dashed).

source. While this source provides us with a known radiance by which we determine the slope of the responsivity curve, the inter-
cept is known to be Z.CZObecause the design of the choppers forms the admhtd flux to zero when the aperture is closed.

‘l%elong wave reference, used onty on the long wave sphere, comprises a small, dark body emitter. Ile propagation path
for the emitted raiiation is also through the 30 Hz chopper but at such a location as to cause the modulation to be 90 degrees out of
phase from the short wave refaence radiation. The chopper blade is also a dark body emitter, operating at a tempemture similw to
that of the integrating sphere and which is monitored to within 0.1 K. The temperature of the refenmce source will be held at either
330K or 30K above the blade temperature, whichever is leas. I%us, the long wavereference raditiion is modulated between two
known levels.

when HONER is operating in the absolute mode, the intercept of the long wave responsivity curve is the self-emission of
the integrating spha which is reflected back iuto the sphere when the entrance apature is closed by the main chopper. ln the dif-
feretttiat mode, this quantity cancels from the analysis iwti the intercept is zero. lt does, however, form the basis of the requirement
tha: the temperature of the lcng wave integrating sphere be known with high aauracy. We witi construct the sphtm with a quarter
inch aluminum wall to reduce grxlients and measure the temperature using several thermistors. By this means, we expect to know
the radiation tempemtum within O.lK.

HONER will be flown with open apertures. This leaves the instnimcnt at risk to the’’malPerturbations caused by nti air
flows through the spheres. Domes over the apertures were rejected bemuse their emission would be chopped and treated as a con-
tribution to the atmosphea’icflux. Wlndcmvsat the entrance apature but inside the choppers were rejeded due to the sensitivity to
angz of arriwl and polarization. However, a window at the intanaI aprrtn the juoctiou of the CPC and the integrating sphae,
mpreaenta a compromise between th.?risk of air flows and the optical effects. As t-bemaximum angle of incidence on a window at
the internal aperhue is 17.5 degrees, the sensitivity to angle of incidence and polari=tion are reduced. As the short wave sphere
requires a silica filter for both channels, we will use a silica window at the internal apature. ?hat aim introduces a requirement for
a silica window in the path of the radiation from the shortwave reference source for this sphere. Sidady, as the long wave sphere
reqttirca a silicon filta ftx both chaanels, wc will use a silicon window at the internal aperture and silicon windows in the paths of
the radiation fromcac:iof the referencesourcca.

SIGNAL MULTIPLEXING

71e main aperture choppers, with two apertures on each blade, wLl operate at approximawly 20 HZ but ei~l’tcr90 or 180
degrees out of phase. When these choppers are 90 degrees out of phase, HONER will be operating in the absolute mode making
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in&pedent meaatuemettts of the upwelling and downwelling Hiances. When these choppers are 180 degrees out of phase,
HONER will be opezatin8 in the diifezential mode mewing tk difference between these irradiances. The third chopper, modu-

‘ Ming the refmnce flu= witi operate at a frequency Preci=ly 1.5 time$ dtat ~f the main choppers. IMs will be achieved by oper-
ating the bl~ having three apertms, in mechanical synchronization with the other two. Tbe position of the conduits from the
short wave and long wave refcmmces on the long wave sphere will mechanically constrain these signals to be ~hopped 90 degrees
out of phaae.

Lock-in amplifiem have the propemy of isolating the sine and cosine components at a particular frequency out of an input
sigw.1corrqxising a multitude of Fourier components. Con~ptually, it is easiest to think of each of the HONER detector channels
asking &multiplexed by two, 2-phase, lock-in amplifiers. in fact, the output of each detector channel will be digitized 128 times
during each data acquisitionwindow of 0.8 seconds duration and stored for post mission processing. The processing will involve
digital simulation of lock-in amplifiers by using a fast Fourier iransfcrm.

W&n the choppers at the two input apertures are 180 degrees out of ph~ the flux on the detectors is a square wave
whose amplitude is the proportional to the difference between the imadiances on the upward-looking and downward-looking aper-
tures. When these choppers arc 90 degrees out of phase, the detector output, in response to the upwclling and downwelling irradi-
ance& is tie Wmition of two Priodic functions whose fundamentals are proportional to the sine and cosine, respectively, of 20
Hz. ‘l%etiector response to the reference fluxes on the long wave sphcm is the superposition of two periodic functions whose
fundamental are proportional to t!ie sine and cosine, respectively, of 30 Hz. On the short wave sphere which h= only a short
wave refere~ one of these components is absent.

DEPLOYMENT

AL obvious necessity for any aircraft borne instrument having two n=--hemispherical fields-of-view is that the apcrwre
separation must be sufficient to exclde the aircraft from the fields-of-view. HONER will be carried by a Perseus B, unmanned air-
craft which is produced by Ftight Sciences Corp. One seiisor head will be carried in dte nose of each undt=ving fuel pod. With an

_ x~~n of 61 centimete~, the aircraft chcures only 1.7% of both, 170 degree fields-of-view.

I%e basic HONER concept does not include tie CPCS the apertures admit the incident radiation directly into the integrat-
ing spheres. This, however, requires that the sphere diameter qual the aperture separiwion. llte impetus for adding the CPCs is to
reduce the sphere diameter with a corresponding reduction in the weignt. As the temperature of the spheres must be maintained
abom tbe dew poin~ a reduction in the total surface area also rcduocs the required power. An additional benefit of using the CPCS
is that, due to conservation of the Lagrange invariant, radiation inciden” m the erttrarw aperture over a near-hcmisphericat field-
of-view enters the sphere withi I 17.5 degrca of the instrument’s axis. A baffle is rquired along the axis to prevent direct prop~a-
tion of flux from one apemre to the other. By making this baffle large enough to subtend the ~7.5 degrw cme, all radiation enter-
ing the spbtze is uniformty forced to experience an initial reflection at the baffle. Ihat ‘his will aid the design goal of insensitivity
to varying dircetion of arrival.

DATA ACQUISITION

Data fmm the signal channels on each sphere will be strobed onto 12 bit PJD converters synchrotiously wiu timing mrka
on ooe of themain chopprx blan=. Tlws, the phase angle for each datumwill be known precisely and the phase mtervat will be uni-
form. I%e two spheres will cpcrate asynchronously. We will squire 124 data from each channc~ ovex 8 revolutions of the !20Hz

JXPP=) appfo*~ely O“d=ond” Durin8 me n=t 0.2 fUXOn4we ~1 =wi= afl st~-of-~~ ad hOUSCk=Ping aa~ md fife
the aircmft beacon stmhes. L@; from the strobes, reflected by nearby clouds and aczosols, cannot be allowed IUenter the mea-
surements.

CALIBRATION

‘llw results obtained from a preeision ra(tiometcx are necewtrily limitd by the accunwy of t!!e calibrations. HONER will
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bc calihtcd ~ Los Alamos using a proccdurc which is not yet fully defined. We possess and usc cahbratcd SOLUCCSand rcfxncc
dctectcrs which cover the spectra’ rcgiwt from the UV through t& thermal lR. Each of the dcviccs which wc will usc as the basis

● for the HONER calibration has a 3U twntracy of 1% or tn%tcr,demonstrated by procedures ttacablc to NIST standards. llc issues
which will bc addmmcd in the calit.mtion fmccss arc absolute reqponsc to colli .natcd and diffuse m’adianccs, scnsitivit y to varia-
tions h dircctiottof amid, equivalence of the two cntra- apcmtrcs, sensitivity to variations in wavelength, and sensitivity to
polarization.

SUMMARY

By implementing the concept of diffcrcntkd radiomcny in HONER, wc have designed an instrument which will provide
improved nxawrcmcrtts of atmospheric beating dttc to radiative flux. Work is continuing, in troth modeling arid tcsticg, to dctcr-
minc the accuracy with which HONERS measurements in both the absclutc and differential modes. Wc will compk.te a fully cali-
brated prototype of HONER by the middle of 1995 and the first mission is schcdulcd for November, 1995.
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